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ANALYSISAND KODIFICATIONOF TEEC?RY

IMPACTOF SEAPLANESON WATER

By .WilburL. Maya, ..

STJNMARY

.

.FOR —. .—

. .

An analysisof availabletheoryon seaplaneimpact
and a proposedmodificationtheretoare presented..k
previousmethodsthe over-allmomentumof the float-d
virtualmass has been assumedto remainconstantduring
the impactbut the presentmal~si~ shows that this
assumption2s rigorouslycorrectonl~wh6n the“resultemt
velocityof the floatis normalto the keel. (Theproposed
modificationchieflyinvolves“consideration‘oftb fact
that forwardvelocityof tineseaplanefloatcauses
momentumto be pasSed into -theIT@radynamicdovmv~as”h.>(an
actionthat is the entireconsiderationin the cas”eor ‘“-
the.planlngfloat)and considerationof the fact that;
for an Mpact with.trim,the rate of penetrationis
deter@med not only by ,theyelocitycomponentnormalto
the keel but alsoby the velocitycomponentpsrallelto
thekeel,which tendsto reducethe penetration.

The analysisof previoustreatmentsincludesa
discussionof each of the importsntc.ontributi@Mto -
the Solutionof the impactproblem.<The developmentof ‘ .’
the conceptof.flow in transverseplanes,thek,oment&~~
equati.or.s,the aspect-ratiocurrectians,the.effectof ‘-‘.
the generatedwave ‘onthe tirtualmass, the disttiibution
of sur~acepressure,andthe conditionsforRMximum ‘
impactforceare discussedin detail~.Ihpac~.ti%atmerits““
basedon flow in longitudinalplanes,as for bodiesof
veryhi~h aspectratio,havebeen omtttedsince&ey.
seemedto be of no interestfor the‘problemofthe”tfiical
float. :.. ..”

..-
The mome~tumpassedto the downwashis eval+~++ted&s

the productof the moi~~ntm of the flow inthe tr~s%rse ,
planeat the stepby”the”rate at whichsucliplaneS~$lid8-
off’the step. Simpleequationsare givefithst petimi~th6
use of plaiiingdata to evaluateempiricallythe mcmientuu””

—

.
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of bhoflowin the tir.ansverseplin8at the step. On
the basisof’suchstudy,,modl.ficationof<thegeneral
equat:.ons of theprevioustheory~- supplementedby
substantial improvementin the formulafor thenome~tmm
of’thf]flo$tiin the planeelement> This impromrnentcan
be maciebecausethe flow in theplaneis independ+m~f
the flight-pathangle.

{
Experimentaldata foriplaning,obliqueimpact,and

vertial drop are used to showthat the accuracyof+he
proposedtheoryis good> Wagnerlstheory,whichhas been
thenc,stpopulartheoryup to the present,is comFared
with thenew “theoryand with recentiata for oblique
impacts.@he data show that the loadscalculatedby
Wagne~!.s;eqtiatianare excessive,particularlyforhlg.h
trims-:Use.inthisequationof the proposedformula
for thezmmi-entum
cal.culate&-@or.ce

:,,

A numberOF

of ti~eflow in the.~lahesreducestlze
but the valuesare stillexcesslw~

Ii?TRODUCTICIS

theoreticalpaperson the”impactof “
seaplanes.onw&terwere j?ubli;hedbetween1929and 1938
but the proposals.prese-n&dwerenot ~ener~ll~~ccepted.
Becausean ade’qq~atetheoryon whichto base re”v3.sidn.of
d.esi-@.-requirementswas needed,●an analysisof previously
publishedworkwas undertakenat the Lan@ey M?@rial
AeronauticalLaboratory.

Themanalysiswas concei’nedchie~lywith the treat-
ments Mat toolkpropercognizanceof the low aspectralxto
of the SEia~lan@ f~oat● (Thesetreatnmntii~ereccm?mnly
basedcm’the assumptionthat the over-all“nomentumof
the se.aplsneand hydrodynamicvtrtualmass rematnscon-
stantCluringthe Impact. “The,chiefdiffererzcdbetween
the t~eatmentswas in the-deter~ination o“ff..themagnitude
of tlie virtualmassp ,‘

In,thepresentpapera crittgal.sqrvey“of’theprevious
treatmentsand a’‘@tioposed‘theoryarepresented. Incon-
sistencl.esin theptievie-ustheory,whichappear.to .
invalidateit when a componentof-“motionparallelto the
keelexists,are shown. The p&opo.s&dtiheorf;based”
essentiallyon aoce,ptedpbystcalconcept-s,pratidesa
logicallyconsistentand wifidd treatr@nt,whichIs
applicablethroughtheentirertigeof “obliqueImpactl
inoludingtlmend point.of theplaningfloat. Pltilng —..
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data and data for obliqueand verticalimpactsmade in.
the LsngleyimpactQas.inare analyzedto show the Seneral“..
applicabilityof tine’~roposedmethods.

A similaranalysis&d modificationwas prepa_red
in 194.1but was givenonly limitedcirculation.Further
developmentfollowed.,.as more moderntestresults,
particular

c

thosefrom th~ Ltigley impact@asin,became
available.Tinepresentreporthas been preparedin orde”r
to give the heory in a form con&iderablyshorter~d
bettercon,f’irmedby experimentthanthe earlierversion3

SYMBOLS

P angleof dead rise

Y snglebetweenfligb.tpath
surface

.-

,.. ,,. .,,. ,. .”. .
,.. . ,.

.

. . ..——

and planeof wate”r

T angleof hull keelwith respectto plsneof water
surface

.,
v . ,., q“e”gult~t.vel~c~ty“~ “ “7 ‘-:‘-.. . -.,.

-.. .v~ “ verticalviilocity”‘ .

%. . ,V&rtic&lvelocityat “instantof contact ~- ~ _:.,
Vn .: velocitynormalto keel ~,..~::-,-
W20 vslocitynormalto keel at,~nstantof contag.~“-~.....-
m mass of’seaplane . . ..+~.---..
Illr mass of seaplanecorrectedfor.eccentric,~pa~~ :..-f.-,*

% virkud mass associatedwithhj-drod~ynamicfloti”“;
beneathfloat ..

---4. half-widthof flat-plateequivalentof bottom..+-. ...... ....
z leng%hof-wettj,e~area .,-.‘
y depth,.ofi.mmer.s:i,~~~,normal to planeof water .

-$”ur’face‘“---’~”’..~”’”..,.,



,.. .----.—

-+

t, time

u efl’ectivebottomslope @y/&)
....

F resultanthydr~ynamicforce : *“

nf,,,~~ rnaximwhydrodynamicforce.normalto planeOr
“Wrnax .waterjurface divided

W - “iotalwei@atof seaplane

E? accelerationor gravity

P mass densityof fluid

W.hereunitsare not specifiedany
unitsmay be used.” -

,

REVIEWOF

by weightof’seaplane

consistentsystem.of _ _ .—

.

PREVIOUSLITERATUFUZ

Wn K&m&I

13asictheor.- The earliestimpacttheory,and
---7-HG#apparenty uponwhichall subsequentworkhas been

based;.was advancedby voriK&m& (reference1).

a.

i

IrofiK&mL considersa wedge-shapebodydropped
verticallyintoa horizontalwstersurface;the L_otal
momentumof’thewedgeand”thevirtualmass of’the flow
ape assumedto remainconstant.l~iththe aastiptlonof
two-dfmensionalflow in planes-normalto the ke”elline,
vonK&m& considersthatat each instantthe virtual
mass is equalto themass of watercontainedIn a semi-
cylind.erof lengthequal”to the lengthof thewedgeand
of digmeterequalto thewidthof thewedgeat theplane
of thewatersurface. The followhg sketchis a cross-
secticnalviewof thewedgeand the..watermass:



.

The.momentum:equation:ofre’ference’”l:is%it~en”... ~-,.::.-------..::..,“
‘“i .,, m.Vvo.~:tiV~+:‘—p~2ZVv ““ ‘:”-[,2 “-LM -.:. , ..’,’. .“. . ,,.-.

,. . .. .4’: ..:-
—

,,

Thisequatio”~.!leads to.~ne.~ollowingequation‘~o’r$oti”ce’{-
,, ~ :.p~t cot,@ .,,-. L“,.”... 0, .,, . :,..,. .. . . .,=:( ~ ,[~i.:... . ;m2L”’3 “!”.;:”:’ “:’- i “4“:.,

... . . “~+-”’ .. ..- .-
ti.”“thecase of the flatbottomthe forceequation.(2)

yield-san..infiniteforce. ~on K&m& consider?theeffect
of compressibilityof:thetvaterin,reducingtheseloads
for the flatbottom. 131reference.1,~br a Vert”ical
velocityof about-6 feet per secofid,a,’pressureof the
orderof 425 poundsper Squareinch is calculatedand
the elasticityo~’the structureis concl~~de~‘tdbe an
importantconsiderationin such a case’. -“”, “- “- -

,.

Comparisonwith tests.- VonK&& dividesthe force
equation by the area%f the“floatin”the plqnecYf’ —
thewater surfaceto obtainan averagepressureWd tom- _
paresthis averagepressureat the instantof contact
(thatis~ tor verysmall.,vahi6’s.o$”* ) with the exp,ri-
mental.,pressuresreportedM m5t6retie’2.Von IG6mian
obserms that this:eql~tionagreesIapproximatelywith .
the pressuredata.if.,theverticalvelocityis assumed
to be of the orderof tk@.,sinkingspeedbefo_reflare-off, -—...- .

Later testsshow.th”at.the flare-cff dtiifigland$ng
reducesthe verticalvelodlty,a~ ,c”pntactto a fraction ,
of the sinkingspeedof the-air”planebefore.flare-off.
Furthermore,localpressuresmay be considerablygreater
than the averagepressume. Data from testsof a modern
flyingbbat,wlhichincludedmeasuredverticalvelocitiesj
showedpr,essuresmuch greaterthanthoseco~bputedby :,.,
von J.&man!s formula.

Pabst .,,....,,
,“~t’~oductionof Vn, “fid.aspect=ratiomr~

correction.-‘Pabst(reference5) considersthe ‘velocity-
of penetrationto be representedby the velocitynormal
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to the keel,,rather.than.-flbythe veti.tics-l.uelocity.The
two velocitiesmay be quite differentwhen the brimis
not zero;forexample,in the ltiitingcaseof a pure
planingmotion,the re9ultantvelocitymay have a large
componentnormalto the kee1 hut the verticd component
of velocityIs equalto zero. The full implicationsof
this.chmge willbe develop~dh-subsequentdiscussion.

Pabstalsopointsdut’inreference3 that-;-if’the
~ointof impactisnot d-ire~til.ybelowthe centerof
gravity,the eccentricityjof.the.impactis takeninto
considerateion by mu~tipl.yirrg:.themass of the seaplane m

id
by the factor — in which i is therad~”usof--”–i2 +,~2’ .. .
.gyrationof.,theairplaneabout@e center.af---gradty$nd
r is the,m~tancefrom.~kecentez’.of pre~sur~.to”the
centez=of gr,avLty.This reduction-of,thomass Introduces
two p:?oblems.Firs~insteadof thedecrease in velocity
accordingtQ;irnpact,tlieoryprevlouslydeveloped, Vn may
actud ly-:incre.ase d.ux’~=gtheImpactdue to changein trtm
and the peak forcemay occur at sm increasedrather”than
a reduced Vn. Second,the reducedmass of theseaplane
will 7ary“dw?~g the impact‘as.4.-resultof.the vartaticm
of thoeccelntrlcit~of the impactdue to shiftof the
ctintier,ofpressure.

. 13~apRlyingtheseI?Iodtficktiims.a.znd-introduelng@
empir:.calLy detetiinedaspect-ratiofactorin the equation
ori.gj.nallyugiven b~~on K&?m&n,-Pabstobtained*
followingequationfor Mieimpatitforce: -

tinozn~f,- ~):ot p .. , ,Z)
,F1,.= - .-..

.—

---*.: -...-—
-.

“

t-’

:>

.-
..-1 .,-. .(1

,.
in which,!Me’,wtrttial.’mass
when Z “is;“gr&atOrthan
an emniricalas~ect-=ratio

~ is equalto 5.2,(, . :)
2x and the,factor 1 - ~ is
correction(determinedby c

vibrationof suim.mrgedplateS).

In a laterpublication(reference,4)Pabstpresents #
thefollowingequation,whichIs apparefitlyan empirical
revisionuf-hi.s firstequatilon;nfequatiion:(5)):

. -.
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F=

()

~+~z3
g

inwhich t20.786e -0.114: replacesthe term .(Z : $X2)
of equation(3). The virtualmass in equation(4.) is

insteadof .

as in equation(3).

A formulaf~rmaximumpressurethatis the sameas ‘-
thatof vonK&rmanexceptfor the replacement-ofVv
by Vn is presentedby Pabstin reference3.

Elasticit~.- Pabstfsconsiderationof the l?lat-
bottomfloat (an sngleof dead rise of 0°) is concerned
with the effectof elasticityof khe seaplanein deter-
miningthehydrodynamicforce. Pabstpresentseqtit,ionS.
for variousspring-and-inasscombinationsbut obtainsa
solutiononly for the case of a rigidmassiessfloat
connectedto a rigidseaplaneby a masslessspring. -.

As has beennoted,when the effectof elasticity
is neglected,a theoreticalcurveof impactforceagainst
angleof dead rise approachesinfinityas the angleof
dead rise approacheszero. ~ orderto-takeintoticc”ourit
elasticityat low anglesof dead-risewfthoutmakinga
completeanalysis,Pabstproposesthat,in the loW-angle-
range,the cu&vebe changedinto its”t&ngentpassing-
throughthe pointcalculatedfor 0° angleof dead rise.

Comparisonwith tests.-A poti:orepresentingforce
recordedon Bottomley~sfloatof 205 angleof dead rise

L —

(reference5),which apparentlywas correctedto 10° by
one o~oPabst?sequationsin orderto correspondto Pabst’sdata

—

for ~- angleof dead rise,was foundto lie betweenthe



rigid-bodycurve and the tangen’b~tn”edrawnto approxi-
-.

mate the effects~f elasticityof the structureat small k
angles.ofdead rise. Althoughthisagreementis good,
furtherstudyindicatesthatPabstlsequationcan agree
with Bottomleyfsdata only
range; ,

Pab%ftpre’sents’flight
force?n(t@.float againsb
thehydrodynamiccenterof
the lokdedareais”assumed

withina veryllmitedveloclty #-

data in a plot-of-vertical
th~ longitudinalpositionof
pressure(reference~). If
to be proportionaltQ.th8

distanceof thq:centerof pressurefrom the step,the
slopeof a linefrom the s@p locationon the abscissa
of thisplotta an experimented.po~t representsan
averagepressuiefor the impactrepresentedby the point,
For a ~articularseaplane,on thebasis that–theaverage
presswe is determinedchieflyby the flightparameters
and that the flightparameterscausinghighestpressures
are approachedfor various”positionsof the centerof
pressure(variationof the center-of-pressureposition
due chieflyto seaway),,the~imum pointsfou positions
of thecenterof’p-ressurerangingfrom the stepto the
cen,,er,of;~t~efloattend to lie alongthe samesloping
line.,: :~.:::

The expe~’imentalprogramconductedby Pabstcon-
sisted-Misuccessivetestsof flaband V-bottomfloats
installedon the sameseaplane. Limitlines“of-thetype
discuasmdip the.previouspamagrapl.]?e~edrawnfor both
set~of’.data. .Pabstshowedthat theratio of the slopes
of theseexperimentallimitlineswas 0.8 and observed
that the.theoreticalr“at~oof the slopesof theselines
was 0.7,(ref’erenee4J.

.-

Pabsttscorrelationof fllghtdata showsthat%he
theorygivesvaluesof the.properorder;however,the
accuracy.ofl-the;correlatlonis questi.onablebecause of
thejmanyap.pl?ox.tmationsinvolved,in d-wing and inter-
preting...th~fllimitlines,comput$ngthe .fIa:b-bottom”
force,and’computingthe V-bottomforce. Asidefrom
theseuncertainties,directproofof the theoryrequires
evaluationof.the absoluteslopeof theselinesrather
ths.ntheirrelatiw slopes, : +._

.,

Wagner f,,
.

Vi:PtUa~,massa- With the objectof approximat~ly
‘-~’”accouiiiittigfbr thewave generatedby thefloat,Wagner:. .



NAfj’A’T&I$o. 1008
,,.

(references6 and-7)
valueof.the virtual
von K&&n and PabS’t.

“9”,.

‘presentsa solution“which,=&ivesa“
tiassdifferentf’ro.mthat“of: ““
,As has beerinoted.;,von-Ka~m&

and Pabstdefin6d the ‘virtualmass (for-’~do-dimensiorial
floW) as the mass of””the volumeof .f.luic!‘contatied!lna ‘
semicylin~q.r..ofdiametereq-qah.to.thewidthof the float
iflth6 planeof thewaters~ face. This virtualmass
correspondsto one-halfthat@ ven by conventional;...:
hydrod~amlc theoryfor.”submergedmotionofellipseS..
with.widthequalbo.thb’widt~ of the floatin the plane
of thewatiersurface’‘andtherefore:cons,titute”sa .fii%t”’“’
approximationfor“the case of an objectpassing,t:*.oU*4
thewater..s~face”.” ,.- ....- .. .,.. ,,’ ...-,, .. . .. . ..

Wagner“cbnsidere”~”that,
.

since~he”wate.~~.:d,}’~placed“’””
by an”irmnersifigfloQt’JPi&es alongthe sld~so~ Jthe $loai~- -
thewidthof’tthe.”-w’e~t~,~~.s,urface,aridthe yirtual.massof
the flow are greate& than”thosebasedon”.the flost.~~~~th
‘int?deplaneof theundisturbed-w~~_e-rT.SUP.fS@.j-”‘“”~.ard@p-”
to evaluatethe ino&5a~&d”width,Wagner’“asstiedjthat’-the~..
particles.at the top.o,?,‘theupflow..or generatedwai6
move verticallyupward~“d,with di.fferenc6Sin-olevatiion
due to slopeof th6‘:geneaated.wave neglected,these‘ ““‘:
partiqles””,rnovein accordancewith the following.qquation.””
for tlievelo.qitydistributioninthe planeof k flat
platein m~ersed motion (reference6) :.,.

.’.. (5)

where .

v=
.,

velocityOf particlepassingthpo~fi’~l~e”~“f --;:::;=,{
plate in gettingaro~d theplate ., ~“.: ,. ....’-.

.,,.

1; “. “’ ,“’ “’““
‘P distancefromparticlein pltieof..~la,te-to7~:,.“_ - ;:~~..

centerof plate (Xp> x) .. ,
Considering x as the floatwidthat the“top”o?? + _ ‘:

thewave and as the distancefroma partic,l~in ,. -~T
thewave to th~pplaneof symmetryof the“float,W&gner
integratedequation(~) to determine x as a fullctlon
of thedepthof immersion.For the case of triangular
crosssection,solutionfor x yieldeda value.‘“equal
to 17/2 timesthehalf-widthof’the floatin theylane
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of thewater.Surface. ‘Wagnerdefinedthe virtualmass
as themass of a semicylinderwith dismeterequalto ~. \
Thus, ~or.the.”.caseof.the trianular-V-bottom,the”tirtyal
mass specifiedby Wagne~is . 7(m 2)2 timesthe virtual,~~
mass specifiedby von Karm$.rand Pabst. The significance Y
of.bhis:difference.is.’evidentfrom the’f’dctthat it
resultsin a 2..47:1increaseof tha~”~orcecalculatedfed-
a speciflicdraft.and-velocity.C;“ .“- - .-,,,

,Theassunlptionsthatthe particlesin thewave,move
vert~callyaccordingto equation(5) and that“thefloat”
wj.dthat the top of thewave determinesthe virtualhas?,:.
seem ~eryarbitrary.The most direct--evidencethatt?ae
method,is inadequatelies in the fact--thata laterand
more exactsolutionfor the caseof triangular””c’ioss
secticngi:vesvaluesthatare sub?tatially..d$-ffirent,.
ALtho@htlE:m&thodisinadequateit ‘rematnsimporti+b
becausea be-ttensolutionfor the caseof”thefloat
bottomwith.tiran!swersecurvaturehas not been provided.

~’ressuredistribution.- Continuingalo~,‘thesame”
1ines.,WagneT (reference.6) stat~dthatthe,rniuiirn~”
pressue exis,tsat-the top of the-calculated~V-a%’apd.
equalsthe dynamic“pressurebasedon ‘avelocityeqw”lto
the increaseof the’floathalf-width~atthispoint. &“
the momentumof thefloat–andthe vthtualrna~sis
assumedconstantthisequationformaximumpressureis

where

Pma
Ve
o

Vwi

Vw ‘

‘w

(6)

—

.8

.-

.. ...

m~.imumpressure -. — .—

init-ialrate of effectivepenetration,
.VV”*.’(V- vw~)~ + VW7W (approX ~q== __..__
to ~n)

wind velocity

Walm.Velotiitiy

&fig-leQf wave

~L;..i

.- .. : ..
-.
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Equa:t.i:Qh.(6) appeark-to be samewhatarbi’tr”&Ybut no
r. im.pr.o,vemenbin .th@equation‘hasbeep-‘Cileably““justified

up ,t.o.thepre.smit,2:The ~~esentpaper,.”.hoys.ypr“,~~@.s
ZU-L~~.tipr,owdtheobe~ic’almetnod for detetimin~ngthe ,,

* “~nstan~aneousvb.loc-~ttes s-~bse”qb~ntto.”the initialco’n-
.

tact =locitiie$k.:.:i.:.”:.-..-‘~”’”~ ““’ ~ - -

.Wagnerpressntedthe fol”l~wingl’6qu.atiqn~for-~eter-
mining.the,pressures~ otherthancthe’maximum!on the
bottomat a giveninstant:

,.

:=~;j:[j +;”’;..,..::,-...”.
L

‘-lryl’-@$=ji”‘7)”.
where..‘:‘ .“ ‘“:‘

P pressureat a point
intosolut!tonof... -.-.‘!.

‘P horizontaldl.st”ance
is calc~~latedto

. -J . ...!

Xp <.x (curveto be faired
equation(6) for Xp = x)

frompointfor whichpressure
centerof-float

Wag?er..oD.ts4nedeguation(7 ) from.a‘solutionof the,;equation,’‘“’,” .. ; “1- ), .....,,..,..- .,”, -,,.

()

-,.,4,,.,, P 6$ ~ ~g ~“ ‘,..‘ _’,““: “,C..,_= ...,,.!. ,
-= -z G’” ,.,~(8j:~:

P . -..:,:.

,.
,- -.

in plsneof flatplate
..’.

.,.Eq:~a{i.on@ ) is incomplete-because:‘“a“tetitie-presenting
the’dynamichead of the free stre~.””i’s~lac-king.The I
forceincreaseobtainedwhen equation,,(~) i.:~o.r?ected
is, for-co,nqent,ionalanglesofd&dj %-%se:j%~~,,!S!~rd.,er
of IQ.:~e’~,pen$,,‘. ._ :. ,.>.,.. .,1:.1.....
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The.validityof’the assumedvelocitypotentialis
somewhatuncertain. Comp~ison.of solutionsof equa-
tions (6) and (7) with experimenthas shownthat the
princip~lfactorsare approximated-!.but.theexperimental
datahave been complicatedby seawayand other.factors
vtd.chhavenot permittedadequateevaluation:

~orceequat-ions.- Exceptfor.the foilowingdifference
Wagne~?s,farce.equationis thesameas thatadvancedby
von Karman:

is:

(1) The new methodof obtainin~the virtualmass is
incorporated.,.

(2)The velocityused in themomentumequationis
defineddifferently.

(5)The equationis writtenas an integralfor a
nonrect~gularpressurearea,

... . . . . -.

(4)Redu~tion.of the seaplanemass tcm the caseof
eccentrici.m~actis contem~lated.

forceequationgiven.byWagner{refe~ences

-2 z‘P‘eo

()

mw 3
l+— “1

‘r

6 and?)

(9)

--,. ,=

.

w—
.-

...-

..-

-. ..—

‘u

Wagnerlimi~edthis-eq~ationto anglesof deadrise
lessthan500. Withoutgivingtheoreticaljustification
Wagrmrbecornmendedthat the equat:ionbe multipliedby
the followingfactorif the angleof dead riseis less
than10°1

1“$-0.15++108:
:“

,’
.where

(lo)

P angleo~slope of hull bottomat edge of impacb
area,radians

If the floatis a,fluted-.prismand is at zerotrim,
u is determinedby x and 3.sindependent-ofZ. For

-.

J
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a partic~.ar’combinatioriof u and x, use of an “i-
ncreased valueof Z resultsin.an increasein impact
areabut a decreasein velocitybecausethe virtual
mass..is gr.e-ater.BY ‘partialdiffe~entiht,itinal’;:tw~!+ “)’~
forceeqtiatlonwith respectto- Z. the”force-for a ,”:““. ‘-
‘particul,arvalueb$ x .(and U) ‘c-“beshotito be.a ‘
msxirnumwhen .t ,is such that

..r.:.
. .

qw 1 “—=--- .
m. 2

.’(11)

Wa~er derivedthisrelationshipand substitutedit in
equation(9 ) to obtainthe folIowingequation

where .-.—

Fm~axx’m~imum valueaf forcethatcan occurfor A
..’ particularvalueof x regardlessof“the

impactlength .. -,
.:. .

“ ~g proc’ed~e for using’equation.(~,)i~ to;deter-.,..
,,

wine first‘%6 va,l~b.of -“x’f’~~:,.tih-i.c.h...=’=’~.’when.’the.
lengthof the impactarea 1s,equalto-.Lhe”iength’of~tlie-
forebodyof the seaplane. F&? smallervaluesof. x the
criticallength is greater th~. tb lengthof thefloat
and therefore equation(12) is.”:mot valid. For larger
valuesof x the criticallengthswtll be less.thanthe
lengthof the floatand the statisticalvariation.of t~e,..
lengthof the impactarea in seawayis assiunedto p~:fiit~
the criticallengthsnd maximumforcefor each Of the .“
largervaluesof x to be attainedduringthe life“of
the float. Wagnerst-atesthat~quation(12)is to be
solvedby r,eansof trial-and=errorsubstitutionof these
largervaluesof x in combinationwith correspond,ing
valuesof u; thus the”’valueof x“ is’d.eteimtied.$gr~:.
whicha maximumvalue,of-themaximumfobceswith~ th9 “.
rsngeof tb.e ... .‘,form~a exists. ,,

If -u in equa-tt.m(12)’is“eonsldez”ed“tobe a .
constant,as for,the‘“case:of a”t~iangular’‘pri&ru?tic.~“~~~.
float.it is obvtous.~liatthe.“e’quationWill”give‘“ : “
rnaxirniun force

.

when a minimum

.-,,,...,
....—-.”-..----,:.-.---- --,,.

va.iueof x is–
,.,
......,,. -..-.... ... ..

. . .
substituted:”,

,..,
, -.=,., ..-:.:.,--------- -.. . --



By subs.titutlngtheuinimxnvalueof x .,towh#.dIthis
equatiiorX’”Was-~iinitedAnd substitutingwe -Val.UO of U for
a trl.an~lar prismatic‘float,Wagnergbt~ine.d.the followigg
equation:for the”mzixirnw‘form on sucha float:

, .i2;@z2=”’.- ‘ ~.5)”~~(3JE+jv
Fma=

P“”” ““
..

where ------ ._ ..... ,_.. ..
Fl?lsxmaximumhydrodynamicfdrce

-Lmax lengthof the f’orebodyof the float

.
—.

- .-

. .

—-
----
... .-

.——.-
,-..“.=

-.
.-

. .

It shouldbe rememberedthatequations(12)and (13)
are basedon a relationshipbetween x and Z whichW&S
so de~~ivedtlhatthe-forcecalculatedfor a particular
valueof x is greaterthan it would’have keen if Z
had beeneithergreateror smaller. Themaximumforce
duringthe impacttimehistoryof a triangularprismatic.
f’loa~;however,will occurat a ,malueof x lesS than
thatto whichequation(13)must be limited,thatis, .:
at a ~~alueof x forwhich the.,forcewouldbe,,greater“” x
if tho floatwere longer. Solutionor thisproblem
(refei’ence8) has shownthatequation(13) sho~d be
derivedfromthe relationship. s

rathe~!than from .
. . . .

. . .

-

-----—.

The e~’feetof suchcorrectionis to increasethecalcul-
ated msximum‘forcefor the.t~fangul~ .prismatio float
by ~ ,p~rcent~

Wagndr‘(.reference6) workedhypotheticale=mpl.es..
in whichhis equationsga~ values“of~ properor~er,
buthe did not correlatetbs.equatims with sny experi-
mentaldata.

-..
. -= -.-s-.. ---
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detailsof,whichare“.not ~iven~:Wagner“(ref~rence
made a ratherexact.~solution T7CPthe flowbeneath

l’j “““

7)
immersingtriangularprismw.zth‘an-angleof dead“rise
Of’ 180. T4is solution.:Invoivedonly one flowpattern,
sincesimilarbut enlargedflowpatternswere ~ssumed-
to exist+at all times. ThisJassumptionis reasonable
sinceboth the.previous“clefin.itionsof .bhevirtualmass ~,
far the case 02,.the immersingtriangularprismhad beenI:
on thatbasis.

Ratherthanmake sepa”atdcalculationsfor other
anglesof dead rise,Wagnerestimatedthe effectof
angle.ofdead.riseby writ~~ theequationof an.arbitrary
curve:thatpasses,thrb@

Y
the calculatedpoint-::f~ran,~ f

angleof dead‘rise,.of:1 0 and that asymptotically ..:
approacheszero forceat an sng,leof dead rise of 90°
and infiniteforceat an angleof dead rise of 0°. The
forceequationwrittenby Wagnerwas only for constant.-

—.

velocityimmersion,ccndgave for verticalpenetration
,.. . .. .

,., . .,’ F
()

=,m~” 2’,.. ,.
2p - 1 2pvv’yL:

,,. . . ...:. ,.
(15 ). ‘---:”:

->.

Thiseqqa~i~n”was usedby .Sydow.~to“evaluatetilevirtual
massj whioh~wasthenappliedin formulasfor variable-
velocityimpact....lhis.wo,rkis discussedin.a subsequent‘“.:!
sectionof.the preqentpaper. ,

. ,,
Newos .-

MeweswroteWagnerts equationsin termsof accelera-
tionratherthan force(reference9] .

.,. .. . .,.
The equationfor cuu..ved,bottomsas writtenby Mewes‘.

was limitedto mass loadings,,higk enoughto causeyeak . :
f’orceto occurat maxim-i.floatwidth. The formcoef- ...
ficient) u, whichWagnerdetermined“byan Integration :
processfor each flostYm?m>Dwas approximatedby Hewes,’
in an expressignthat cantajnsthe,angle?.dfdead rise at
the keel,the .in@eof deadrise.at;the”Clii”ne.i,and the
distmce betweenthe side of the floatsnd the pointof
intersectionof tangentlinesto thebottom”surface-at
thekee1 and the chine. He also;presentedan approxi-
mationto Wagner!s correctionfactorfor finiteangleof
dead rise (equati.on(lO] ). ~~,. : . - ~~.--.......... ..... .......-!..=.? ..?’” .-.:.....f....... ....=-.-J

‘,-.,’”.,:’”..: r.- -..”----
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,Mewes.t equation“forc.F~a for the triangular
prismaticfloatis not obtaine-d~.dir6cfilyfrom‘w%nerfs .
bu~-itrmaybe obtainedby incoti”por.stingthe correction
of,.eqnatiqn(L3), whichwas previouslydiscussed. Y

Mewesgivesan equationi’or
whic~-apparentlywas obtainedby
for the structural’elasticityin’

Taub

Taub~sstudy(referetice10)

Lheflat-bottomfloat,
substitutionof.values

—-.—

Pabst”~sequa~on..

did not introducenew
theoreticalconc6pts.“fiather,it us.ed.Wagner!stheory
to predfcttheef’feetof “designtrendson designloads.

Schmieden
._..—

Schmieden~sanal~lsis(reFe=nce11) assumedthatthe
impact areaat differents-es of the,impactprocess
consiptsof similarellipses-aiidthatthe flowactionis
of the typespeci~iedby Wagner. In thisway he obtained

—.%
an equationthat,becauseof’.itsassumedrel~-tionship
between x and L, boolk intoaccountgrowthd tirtual
mass due to-bothgrowthofwtdt~”and:~r”owthof lengthof L

thewettedarea. t~lthoughthisqa~y.s$swas carefullY
developed,the simplifyingqs~umptipnswith regardto
hull shapesndmannerof’contactwith seawayprevent
thiscasefrombeingof great..practlcalinte~st.

W&’tnig

Weinigus”edprev’i”ou.stheory
of,deformation.of”thehull’cross
force(reference12).“me %ypes

to indicate,.theeffect
sectionon the @pact
of deflection.hecon-

sidered-are too s’impleto repre~nt $hedeforrna~ions
of’an actualseaplanehull but-themagnitudescalculated-
indicatethat.the st~ucttiralelast5.city.ofthebottom
prgpe?of a V-bottomseaplanewillhave littleeffect
on Lheresultanthydrodynamicforce. <:.

source of virtualmass.-The-momentumeqtitionused—..
in pravioustheorygives,in generalte~s! the fo~~ow~g
valuefor the.hydrodynamicforce

.

—. . --
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,.
.. , F=:&KI&):. ‘. ~.,..,, f . . .. . .... . . : ---------..-. ,.. , dv .

%‘,~” ,+V’ul.,. ,“

where ,..,. i “. ,,
,,. , .,

vu velocitycomponent“substituted
equation . . .,

For.the constant-wl.dcttycase-solved

. . -.. ,.,. . .- m

.. ,,“ *.
. .

.iriomentum.:
....... ..1

.-.
by Wagnerin

obtainingequatton(I5) ~he firsttermof equation(16)
is 0. By equa%ing-the remainirigtermto equation(15)
and integrating,Sydow(reference8) obtaineda value
for mw thathe used to effecta variable-velocity
solution.

The valueof mw
---

obtainedby SydowIs ●

,( )% = ;: - 1 2P@ “-’”” ““ “(17),,
,. -,” “1~”

For themore or less standardangle~f dead rise of ~
this valueof

L
is I,56 timesthe virtu”alm~ss &iven

% 0.56by vonK&m&,,~ timesthe,tirtuaimass give~by
Wagnerin hts-‘generalsolut’ion.The t~q~ore~icalbasis
of equati~”;(17.) is more”soundthan that br“the.previous
definitiofis;“‘theimportance of thedifferencesis shown
by the fact thatfor equivalent”instantaneous-cbndttions
theseratiosof virtual-masscan be regardedas ~orca
ratiOS.

Forceequatio~.- 3y using thenew formulafor
Virturrlass, in von Kfim&nls equation,Sydowobtained .
the followingforce“equation: .. .-

Vv,%()L
p= ’--o

() (&l+? )2ly

...-

Equation(18) and previousimpactequationsare basedon
the assumptionof a weightlessmass. Sydcwderiveda
secondequationfor a drop test,which inciudeil”tha
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roomer.tum due to thewef~lt aqt-in~”Ior the the of the “
impact. Thisequationfor a{dTQp\@stwill not be
discussedhereinbecauseit-1“snot readilycomparable
with thepreviousequationsand becau8ethe previous
equak~ons..are,monenepr&s-entati* of .aeap~sne‘Impacti,
forwhich thewing llft approximablybalancesthewelgh~.

~ his considerationof elasticity,SydOW”included
equat;~onsfor the floatbothwithwei@t and w$thout
weigh.t.This tneatfien&di,v$dedthetotalUs?...in,$,oa
hullmass and -upper mass spring-c”onnectp.d.bo.,btich
other. Equationswere writtenboth forwide‘floats
and forfloats sufficientlynarrowto causemsximum
forceCm thesprung mass t-o.occurafterthe chinesare .
immersed. The equatiansfor thesocaseswillnot be
discussed”becausetheyare not necessaryfor an evalua-
tionof’the basichydrodynamictheory.

(~ompaisonw;.th exoertien~ h experirnenta-1check
js ob”~ain~dfor verttcaldrop of hullmtisses(anglesof
dead :riseof 0°, 10o;20°, and 30? ) spring-connectedto
an uppermass. The dropdata ah correctedfor the
effectof syavityby”th~oreticallyderivedfactorsand
comparedwith computed”valuesfor‘,tiiecase of wing lift.
The springconstantis modified”to fit the data. This
modification.is.ass~edto represent–the effectof.the
elasticityof~thebottomproper. @cause of thismodif-
ication and otherapproxtmattins~thq exactaccuracyof
the theoryis not established.The liyth?odynamictheory
used.bySydow,however,appearstogive approximately
correctresultsfor.verticaldmp. oH” triangularprism
at zero.triminto smoothwater.

Kreps

Kreps (reference13) usedWagner~s treatmentof tho
virtual.mass. The finite-keplfactorrecommendedby
KYepsdiffers,however,from thatadvanced by Wagner.
The aspect-ratiofactordetermtid experimentallyby
Pabst--wasincorpmatedin Krepsdefinitionof the virtual
nass.

One ideawas advancedby Kreps thathad not been
includedin ‘&e previoustheory. This ideawas the
Lnclusionof a forcetermrepresentingthe usistance
of the instantaneousflow patternin additionto the
forcepreviouslyassociatedwith...therate of changeof

..-

+.*

-.-i

.,

—.

=.<>.w
,.,
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ttie.fidwpat“tern. The new termmade “use of-..thefamiliar
& flat-pl&’te‘air-dragcoefficientof’1.28. III additionto

thefact ‘&atthiscoefficientis of doubtfulvalidity,
the theoreticalsoundnessof the entireterm is questionable.

b This subjectwill be discussedfurthe”r.ti.a subsequent
sectionof thisreport. .. —

The equationsproposed.byKrepswere used by him
to interpretdrop-testdata for floatshaving anglesof
dead riseup to50°. This analysiswas not a direct
comparisonof theoreticaland experimentalforcevalues;
instead study c?f the totalvelocitydissipateddy.ring
the impactpart o~the immersionwas involved.A??prox~mate
agreemento.fthe theorywith drop-testdatawas i~dlcated. , _;. .’

PROPOSED‘IHEORY“: .:,’
.’.. ,,

“ *....,~,

.

Izicreaseof flowmomentumin fixedplanes.-Foi’A
long narrow‘prismaticfloat in verticaldrbp at....
zero tr~, the flowwill occurprimarilyin transverse
planesnormalto’the.watersurface. When the floatin
vertical’dropis’consideredto have a.trimangltiwith
respectto the watersurface,since“fluidparttcles,will’-
be accelerated’n’orrimltothe plating,the transverse
planesmust be considerednormal.to the keel ratherthan
to thewater s“ui?face.’The.~low in a planefora partitiular
depth“and~Velocityof :the“immersing”crosssectign ts . ‘
subs”ttitiallythe”same’as for’zero trim. ,~e””difference.
in”thedepth.cfthe keel at differentpo~~~a”i~n”g~e “.

lengthsetsuplongitudinalpressuregradiefits’and ~’:
therebychanges“thecross-plane-flowand end effects,.,:.
but the effectof theselongitudinalvaviations.and:.d’.,
finiteke?l lengthwill, as in previoustreatments,,,%w-~
,~pproximatedby the aspect-ratibfaat’or. “`-

t’,” ......--....._
“Forobliqueimpact,the motion-of the floatican be.

an:alyzed‘interms’of thecomponentmotionsparallel’”@Id.
‘‘pebpendlcularto the keel. If thefLost is.pr,ismat.tc.
and the nose projectsbeyondthewater surface,tlze:”.’:“””
mot,ionparallelto the keeldoesnot causeany chsnge
of the floatcrosssection.in.the transverseflow
planes,whichare i-%eg-arde”d:as fixedin space; ~~Th’ie :
statement’appliesto:theflow planes“as10n~=9”they-“.
remaindirectlyberieatht-ne‘float;when the steppasses
throughthe f~OwPl~@, ‘the:~tersectedfloa$cross.-
sectioninstantlyVanishes&d the -plane”‘becomes”...par.t
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of’”the”wake:b~ the.float. F’ig!JJ7.p.:.ls.how.sthe Inclined
float:,the:w Iocitycornponent~,and a norpudflOW
plane+”.~”’~-.--’~ ‘“-s ‘-” - ‘---”-.z =-...-*.,.*----,-....——-

. .,... .... ....
Fob thecommonlyassumedfricti~lessf’~u-id,

motionof’theflo.atperpendiculartrothe stationaryflow
planeshas no effect--onthe effectivecrosssectionof
the fl’oatwithinthe plane and will not–affectthe flow
wit~n the plane-inany way. Thus the flow in theplane
will be.determined.bythemanner”of growthof the 3.nter-
sectedfloa$.-formwithoutregardto the fact that?ross-
planeveloc’ityof the floatcausesdifferentcross
sectionsofthe f~oatto be incontactwith theplane
at differenttimes. The flowprocesswithina particular
flowplane.willproperlybeginwhen the keel at thewater
surfacereachesthatflowplane. 13e.ginningat this
Instantthe keel line.of thefloatwill penetratethe
planeat velocity V untilthe planeslidesoff the
rear of the float. ?’hepressuresregisteredin the
planeat any instant.should,for the consideredfloat
in an idealfluid,be the sameas if”sfrnilal’enlargement
of the tloat.sectfdnwithinthe planeoccurredin an
equivalent‘ Vn ver-ticalpenetratiofi.“Forvertical
penettiationthe-flow planeis in contactwith“onlyone
cross8ectionof the floatbut for an oblique““hnpactthe
flowplaneis progressivelyin contact.w~.thall:sectiio~~

..:, .~ the precedingdiscussion,if.a floataf uniform
crossl.sectionhad not been assumed themotionparallel
to %.kekeelwould.have been seent-ocausean fit?’ease
in ~tkeintersectedfloatCrOSSsection~ the.f’10wPl~es
bene&iththefIoat. If-thelongitudinalcurvatme..iS
not too great,the flowwill stilloccurprimar.flyin
planesnormalto a base lineparallelto the keel at the’
step~_-me pr~ary effect=of the combi~@ mot~o~-s
normaland paralle1 to the keelwi11 be approx~ately “’
representedif.-thereactionsin fixed.flowplanesnormal
to’-thekeel..atthestepare computedoq @e. basis,qf the
absolute;-increaseof the intersected:floa.ti.CNW:?%ct$on.
in e~icfipl~aneas determined“by.~he..c~w~.i~e!vo.~\onS._~f,~g.
floatl. . .,.,, -.u:..-.... ..:-..-

,.
The summationo.R~the:.UtictiDn’s.Qf”.~e~:i”nd”~~id7@”

flowblanesbeingac%e~upon.:bw~~hcfloat YW?! equalt~”
teta].”’rate of change“of,..tihefio~~q~umOf.t~~e-.<~,U$g.-”.
Since %vvn is defifie~%s.“-the.m.omfmtmof.!~e..<low
directlybeneatihthef5@at~(’tha.tfl@w“which“affectsthg
accelerationderivative), %a rate”Iof’chdtge““ofthe

g“-

.

J

—.—... ..—

-!
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4 momentumof the flowdirectlybeneaththefloat

‘sa’w$ ~“order to obtainthe totalrate of change

k, of themomentumof the fluid,however,therate at which
momentumis hnpartedto ~he downwashin connectionwith
flowpl”knesslidingoff the stepmust’beadded. .Whe”re
m~ .1sthe virtualmass of theplane.Qt.ihes“tepa.s
includedin the determinationof mw, the rate’of
momentumpassageto ,thedownwashi~{eg”u~l“tothemomentum
of ~hisplanemultipliedbythe numbe’rof’”pl:anesslidi~g
off thestep per wit time’.; Thus’the completeeq”uation:<
is .,. ,,-

.. . :.:;.

.-

.

Fn hydrodynamicforcein the Vn-direction
.,. ms .virtualmass of flowplaneat step(per unit”

distticein”keeldirection) “,

‘P . velocityof the float‘~~@:al~elto kee”l (rate ““. at whichflowplanesslideal~g kebl @d of$”~
step) ,,. . ...,.:

,,. . -
B .-.

In a subsequentsectionof the present“rej?ort,the
,saheforceequationis derivedby integratingtie forge
alongthe:float;’The solution i~s_made for””fi.x~~,trim;
if the‘localpenetration’velocityand accelerationare
treaied as”variablesdbhg the“ke+l,howev@r,;’variable-
trimsolutiqnscan be obtained,.:’ .. ..-.-.-

.. ..
The presentireportis.chieflyc~ncernedwith the “

net forceon the,float”,due:tothet’otal chang”eof m:omentfi
in the.flowplarzes.” The_.varlation“alongthe-,keel of.the
instantaneomsre.act~onofthe”:Individualflow PI=8s,
however,determines.the instahtianaouslengthwisedistribu-
tion of the totalload. Further.,the pressuredistir+lbu-
tion in the trm”s.verseplan”es..glms.the pressureH’is.trl-l
bution over the bottom‘are-a.”“Previousim~act“theory.“
concerningthe pressuredistributionin a flowplaneis
directlyapplicableto,thspr~pose.d.,theory.ifthe velocity
and accelerationczf.the.’float.cross.Sectl.on“arede.fine.~
by the theoryproposedIzerein. -.: ,’- -_ --’j.-:.;--~-.-.,., ,.,. .. .

C~mpari.son with:previmu’e.theory.--” Ere-vio.usimpact
theory.w,aq,-,based;On.:the:,assnxmlptii‘GrL,-thab.the.-.mmnenumum
of,;theseaplane.SJV3: vir,budmass“re.~aina?c:cns.t*t. .

—

,.—

—
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duringthe impact. Suchan ass~ption requl~esthatthe
se,c,o~citermof equation(19] be””“Q,‘butthi3term is O
only“When:Vn is’the resulttitwelocit.y(that”.is,
~,r
P = O). ‘ -. t’-..

l~orthe.prismaticflo”at.wi~ bow afib~”.”~~gwater
surfac:e(atp,ositim,trim),the velocitycompbne”ntof
the floatparallelto-the keeldloe+..”notciuse“change
of’-themomentumin’the”.“normalf“l,ow.tilanesand therefore
is.withoutforae,.sf’feet.This condi,~on means that the
effecton the.!lfists.ntaneaus force:of;the rate of momentum
passageto the downwash@ue to a v6”Ioci$y-component
parallel.tothe keel Is balancedby theef’f’ectof this
velocity componenti~~,ccaus.ing(owingtO its vertical
component) lessincre~aseof the‘“.”virttialmass. For this
conditionthat,the veldcitycomponentparallelto the
keeldoesnot a~fectthe instantaneous“forcefor a given
draft”&id velticti~,the‘previoustheory ‘tiouldbe
justifiedin neglectingthe velocityparallelto the
kee1 if.-”the forceequ.ation.”had be,en.w.~tt~e.ti.tn’termsof.
the.imstant~eousvelocit~and drd?t. The errorof the
previe].ustheQry for thiscasqlies.in the fact thatin
setting“.u”pthe:forceequatio~~~:”thetotalmomentumof
the sclapltieand virtualmasswa~ assumedto be con-
stant (seeequation(1}) and themomentumleft””behind
in the.dbwnwash;was:therebyneglected,.

!’!i~hre”gard.to.penetrati.on,.the errorin the
previcnzstheoryIs that VD sin T was not”subtracted
from the“penetration~mlocity,thatexistsfor Vn alone.
Actually,thisneglectedterm”imaycausethe seaplaneto
be climbingat a ti~e that Vn is of largemagnit@e
in a downwarddivecti.on. ConsiderationOf thisterm
leadsto..smallpenetrationgand smallforcesfor low
flight-pathangles,but the previonstheory.(forthe
normal..rangeof trirn~,essentially.asolution*L. ~
vertic;aldrop) alwaysqgiv-eslargepenetra~.ionsand .. .’
forces. This theorygi”vesno valugsof themax.innh
penetrat.ion;..It was ex@lained.that.xyegle.ct..qdbuoyancy
forcesfinallystopped~the:penetr.atlon..o.flthe float.

,:’ ,.;.”.
If the floatis not prismatj:c,the‘imstantaneous-

I’orcoequationdevelopedby the.prevl-gustheoryis
correcb-onlywhen Vn iS the(resul.tant velocity.
Thisrestrictionis due to the fact thatthe velocity
compor.entparallelto.’t.hekeel.cauaesincrsaseof the
flowpatternin the flowplanes’.%~hbath the float. As
previc.uslydiscussed,themomentlmwpassedto thedownwash

..:
., --—

—

A

-.
,.

.-

.

—.
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is determined by the,.flQatcrosssectionat the step :
witho;ut..regardto.such n,or$slmilarityof’the“forward
crosssectionsas may have substantialeffect.on tti.e
virtualmass.. .,“” !.,’,.,

Sincethe preti~ugimpacttheorydid not..dis.close
the inadequaciesdiscussedthe proposedtheoryopensa
new fieldfor studysnd.advmcernent.

.
For theplaningfloatthe firs-t.term.Qfequa~

tion (19)is”O “andthehydiiodynamicFCYPGIs equaltothe
la3t term. Whenmethodkof’ti:gyreviau.s.,impact theory
are:used to define‘the.flaW”’in’the planeat thestep,
thislast termprovidbsa theoreticalV-bottomplaning
formulathat is more advancedthanpreviousXlaning
theorybasedon an approximateflatplateand two-
dimensionalflow in longitudinalplanes. Also,Vnis
lastterm permitsthe use of’‘plwiingdata to evslu’ate
experimentallythemomentumof kbeflow.in thenormal
plsnesfor.aSpecificcross,sectionjand the complete
equationprovid~sme-s wherebythe resultsof such‘.
studiescan be:used for “calculatingtrtisient(tipac%)
and oscillatorymotionsof the floa~~ ~amples of such.
use of experimen-tal,~laningdata’wi-11be shownlater-in
this text. ,, , . .

i. ;.,. .
r,. ., --- -

,

,’ ,.

A latersec”%ion’of thisreportwill correlateboth
theprevioustheoryand the proposedtheorywith experi-
mentaldata for obliquea~d verticalimpactin‘order~-o,.:,
show +he inadequacyof the pre.v~oustheoryand”t-he,
adequacyof’thepfib~osedtheory-. ‘ ~: . ...-;.,

....:. .“ . .. .
Derivationof forceequations.- A prismaticfloatat

positivetrim is shownin igure The,f2’o~~_@an8is
shownin the;side view. The.dep.tin”of,p,?netr~ti”o’riof the ‘
floatinto this_pkne is representedby, z in t~is’.... .
figure. AccQrdingto preced”fnginterpretations,.,@e
?momentumof the flow in tF.eplaneelernent(fix-’ed,”’In -
space) can be represented,in the case of “triangular
floatcrosssectionand simfl~~’flowat dy~ferentdepths
of immersion,by “,-...,...... ....... --..&-,....-- ..---.,....

KZ2 ds ~
, ,.

(20)
., ,-...= -~he,m ., .’ ;.:.:.- , : “ . :>’ : :“” ,,, :.,. . , ..+ : > ,, - :i, .

. . . ,., . .,,:. . . .-
,Z.”. pe~et~~ti~nifi”the‘~plhq”’1-’..::~-.-1‘.”.” . .~ -~,,. ,,. . .,. .. .!’.,... :.
ds thicknessof plane
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K theoretical.coeff’i”cient;di”ffe”rentvaluesspecified-
by differenttreitmetits,variesacco~d~g to -
ang~eof dead:rise . . ..

.
The forcetransmittedby thisplane&o the float

can be.obtainedf%o”mthe followingb.quation. ..
.-..:. . . . ...( )..‘1.”””””

‘i?d K22ds ~
..-. ‘dT ...

[

2

( )]
dZ 2 dS=Kz2~+~~_ (21).-----.,,’---

where . “.

F’p ..~i.‘force(normalto ksel) registeredby in~vl~~~al ,.:, flowplane
..

,- .*. . :. ,.—..-.’-

The’totalforcecan he obtainedby-sw’nmingtho
forcesin the individualflowpldne.q, Thus,

,-. 9*

..”],’[...
d2z +

Fn = ~z2_
~~2

.,,“””-“9=0

Kheii ‘s.f&t-1“T ‘issub~titutedfQfi

.,.

.01dz ‘2
2z~ds’

z @d, for “fixed- -
‘z the .%llowingtrimimpact, Vn is substitutedfor ~~

equati~nis ‘obtained:

Fn

... . . . .

“— S=*.-
.-=.‘J~~.(K s2

.,
S=”o -

. . .. . . . ., ”.;.”. . . . —

dVI=t.2~._
~ )

+ 2S ‘tin T Irn2 ~~
dt

. . ,. —- - —--
::.8- ..,, . ...i.’-!“@vn2, ... . .... .... ,. >.:.,:,

+“ G@‘,
Sin T COS T a“’

.\

The vtrtualmass is a fictitiousm~s~ ~at~ if”‘t ‘s
consideredto move at velocity %) has the aggregat8
momentumof all Lhe flowpart~clesin qll-j-~.rflowplanes
directlybeneaththe flost. Thismass can be “obtainedby

. ..

. .“:
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Integratingequation(20)over thewettedlength;the .
● fi~~tte~: af equation(22),” however,repreSbfits-—---

%$ ,: .. .Ad, .“b~inspection,
w ,...~y3 “..:.. .——

% = -- (23),.. . ,. 3, sib T.cos2T ,“ - “.
. . .-.. ..-

If tM mo~entumof the floatand”virtualmass is to’
remainconstantas“specifiedby the pretious.~mpacttkeo~j

the last termof e~lmtion(22)must equal V —
n dtw“

This.
equalityholds,.however,onlYwhen Vn is,the:.res_,ul@nt
velocity. The following”algebraiceqtiiva16nb-of e-qua-
tion.(22)may be written ~

.
,,. dVn

KY3~ + K@*vn
Fn = +

3 Sin T COS2T Sill’T COS27

. .
where ......... “. . . .:,,,,. ...

+ velocitynorm-alto wat”ersurface

I+vpvn
2“ (24-)

cos T
.- ...- -.. .

.-
., ..., .,

(’VV1 ,: .-, -..-,

dVnThe rOspective“te~s’o’i”.e~;a~}oti~(~) repres,e~t‘~m, -
v ~ . , -’~d ~~e-ra”teat“which‘kc$mentumis irnparte~dto “n~~.,: - ----: . ...... ..., . , J..T-. .. .,-, .---
thedownwagh:in,tonnecticmwii.~the planing;actiQn..~.,.“.

,.. ,...
The momentum:of “theflow.in”the flowplane at.the,

step (e.quat:ion(20)) is Ky?Vn/cos2T. The veloofty:.:V.?
is a meas”tieof therate at which theseplanes,’slid~:-”‘ -
off the step. ‘Theproductof’theseterms:’is eq~lk~”’to”the
lasttermof equation(24), which is in agreementwith
the theory for themomentumpassedto the dowhwash.. .

If% and the flow in the planeat the stepare
determined,equation(~) canbe‘obtainedthroughdirect
substitutionIofthesequkmtitibsi’nequatim “(~~). me
solutionpr.esientedw-aschosen~nordeg.,..$o.ex~dn the .
theorybetter.

.,.......-



~lor.entumo: the“flowin the plane.-As indicated@
a previousseet~onof thisrepor~,themost“-advanced~
treatmentof the”flow in a planebeingpenetratedby a
nontr:langularprism (Wagner) is of qUestio~-able..aCcura.c.Y.
For the caseof a float-thatis bothnonprlsmaticand d’‘
non~iform crosssection,the increaseof the float
crosssectionin the sta’ti-onaryplanesmay correspondto
an equivalentverticalpenetrationduringwhichthe float
changesshape. Sincethe previoustheoryhas not treated
thiscase theeffect of thepreviouschangesof “flow
patte:?n..onthe flow for a givencrosssectionis
quest:Lonable.Althoughthiseffectis not believedto be
impor.::~tfor convgnt~nalproblems(aswLI1be indicated
in a comparisonof theorywith experiment),importtice
would-limlt-theproposedtk.eory fir obliqueimpactto
floatsof uniformcrosssectionalongthekeel.;curvature
alongthekee~ ~or thiscase of uniformcrosssection
wouldalteronly the rate of penetrationof the given
crosssectionhto .Vneflowplanespassingbeneaththe
floatand couldbe considered.

.. . ... .
.~.lthoughthe proposed:.theoryo@?er9new ways t-o

hsndlethemore complicatedc’ases,‘thepresantreport
will 3e restrictedto obtainingsol’~tionsfor R tri~~l~
prismand comparingthesesolutionswith experimental
data fora prismand forhull models.

Analysisof theprevioustheoryindicatedthatthe
virtualmass usedby Sydow(equation(17) ) represents
thebest theoreticalsolutionof the flowin normal
planesfor the caseof hhe triangularprism. Since
eqtia~~~n(17) was derivedfromequati~ (15),this
definitionQfthe virtualmassis for”t.nondimensional
flow* Probablythe bestiway to correctfor end los?”is
by us!~.ofPabst!s.empiricalaspect-ratiofactar. mis
factorwas determinedas an over-alleffect,but”the same
total.”forcewill .be“o”btatnedif it is.appliedtO t~
planes..individually.The..ratioof the virtualmass
corrected.-by~heaspect-r=tiof’actQr”to the“tw”o-
dimen9ioHal.vi*?Wal””nassis

.

. .. . . . . . ... .. . . . .. ;.,
,-,.,: . l-~2A (2;) ‘“

,,. . ,:,,

—- —

-.

—

A
.

.

-,.

=

.---—-

..
i-

tan p -.



Correctionof equati,ofi‘(17) for”thi’s.aspectratiogives

where

(26)

. . .. . .
,“

‘P .tirtual-‘m-~qp‘of:the.flow in’the plane” ‘.,-’.;l“

The tispect-ratiofactor(expression(25)).was
obtainedin submergedvibrationtestsand is somewhat
questionable.As previouslydiscus’Sed,the detailed

-.

derivationof.thetwo-dimen8.iohalsolution(equation(~~))
was not givenandhow far,.the.iterationprocesswas
carriedand what approx$nati”onswerem“adeis not known:
A largeamountof planingdata tb.ereforewqs @alyzed
to determinethe adequacyof equation: ‘J?ofi_fiis~
analysisequation(19)was used in which,for phn”@g, ~
the firsttermis O, Vp = V COST, Vn ~ p’~~n~~. *:.
Fn COS T = W* The followingequationres”tilts:“...~

w= ms@ sin 7 COS2T .
~27)-–

.,. .....~-
!:l?r”omequation(27) . .-:’,,-:- ,,;, - : ‘~ ~:.

(28)

Substitutionof experimentalvaluesof W, V,
and T in equation(23)gaveexperi~e.nta,lvalues
of m~. substitution’-ffl-equation(26) of”expe-r–imental..
valuesof .,&,T, andthe value of z attic”’’”.~-“-.
step y/cosT gave correspondingt~leoreticalvsues .,”
of Corna~i.sonof,l@Qspvalues.showed,that a,

Efact%r.of O. 2--sho@d’-b~ .~nsertedin-lequati’on-~~2’6”}i‘;”“
The followingequatiqu~fi.e,presegksthemo~t a.v~ce.~ .
definitionof tinevirtualmass of “theflow i.n,,thq..ET.W8...
-?orthecase of the trta”guhr pris’m:”“

Becauseof the aspect-ratiofactor,equation(,29) does
not.hold for.’.-small.brfglesof dea”d”rise. The study‘ ~

-b.(-, .— --,..,:...-,
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indi.c~t.ed.that.the,.equationwill:be..satisfactoryfor
anglesof deadrisebetweenl~””~d 30° but-beginsto
be undulyexcessi.~ fO1’anglessmaller,,,than10°. A
variattinofl”..bet..~. with angle-”$$dead’.risemay be-...

()
bette:?thanthe”‘variati~nof. ‘r’- 1 2: with angleof~“
dead :~ise,but in absenceof clearrequirementfor ‘“-:
changethe.variationusedby Wagnerin equation(15)waa
retained. As Previously~dtsc-tissed;~tihlsvafiiation
appea];edto resultfromarbitraryfairingtlirough a
forcestilutianfo~ 3.8° ~gle of. dead’’rise,inf’inite
forceat.90° angle of‘d@adr se’j”aridzetioforceat’0°
angleof’rdeadrise. 3The “cotp’“variationusedpriorto
‘chattin%could.lia”~”..beehfaibedby Wagnerthroughthese
po$nt$s;thus.It”s~ems”thatWamei?probablyhad some
r“eason for“changingttie“variation.“

l~q~ation(.2~)“wasderivedon thebasis.th~t
mn +;~:~d~s,”:c.~hi~‘~quationwill be co??rected”’foraspect
r-atio~d fo$-variation”of angleof dead rise if K 18
replac:ed”by.equa~ion,:(29.).illvidedby .~2 ~s, which
resuitsin

........- ,...,’.: / dvn \

Fn 0.

,..
...

) (
.A

tanT 7ry2 ‘z
)

+ Vn2
2ta.1’’1 ~SiIl TCO9Tf)COS T

.“- . . . . . .

.,

CORRELATIOITOF TH~ORYVITHEXPERIMENT
-, ,..,.

dVn
1’or‘the:planingi’~oat,?n:=~;~‘.~,”- ~ = 0,

Vn = Vh sin T, “and“.eqtiation (30)takesthe form”-

W=
““(

0..8g-g%2”-sLfiT 1 -,.. ,, “ti)& :-..!)”~
~rOmwhichit can be-determ~nedthat“

(30) ““
-,

(32)

FiguPe.2 -showscornpamisohsuf this.::e-.quatbn with experi-
mentaldata (reference14) forpaprismaticfloat.

—
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Excellentagreementexistsover the rangeof theexperim-
ental data. .. ,.

The solid-linecurvesin figure~, which represent
applicationof the proposedtheoryto obliqueimpacts,
alsoshowgood agreement~ofthe theory-”ivithexperkent.
Thesecurve!sand datawel%’includedin refetieric%~~”:~,,, ,,. .-.,,.... .

As.discussedin theprecedingahalysIs, refe’r6nce”””l~
containsa proposalthat a force te”rm-p’rgsenti-n<.ti~O”;;
resiStAlide‘“ofthe”Ete”ady-flowpatternbe added-“tothe:’,_
forc~.’in”:the planes“dtieto ‘rateof -ch~geof the flow
pattern. Althoi@ referencb13-Slig$dSEs that the
fsmil~. flat-plate“air-dragcoe”fficie”ntof 1.28 be ~ ‘-:
used,perhapsa betterapproximationcan he ‘ob”ttii”ned-‘“=-
by use of the coefficientsdeveloped-by Bobyle,ff(,refer-
ence16)for-a streamimpingingon a bent lami’n#“ ;i:;r
themore.-or-lessmean angleof de,ad.rise of 2%.
coefficientis 0.79; the variationwith angle~:fdead
rise 3.s ,smallfo~ cuventionalranges of’angleof dea”d’~”
risei . ‘ ,,., ....

,, .,
:If.asteady-f’lowt~rmbased‘onthe coefficie-nt ‘

M Q“;.79‘isincluded”in-the,foticeequation,a-coefficient
of O.75 insteadof 0.82must be introducedint,oeq-ti-”
tion (29)so that the resultsof the finalsolutiop
rwill%e.,“subjettedto minimumchange:.:Tlieequations
.givmn-:inreference15.;.which.gi”m”thbsolid-linec~ves
of”“figure3, weY.ebased‘onI“sucb.mod”tflcatioh”0$ equa-
-tion (2,2).sndrepresent,,‘within‘1“or2.~pbrcent,solu- .
tionsof equation(22).; Irio~derto check.the equations
~f.reference15,.I?vsin T“ In the de’finit’ion.of ~;-.
should“oeeliminated”’on t“hebtisis’th”atfoh sea-plaiie““”
impactit is negligibleas,co~paredwith v~ gos:.T.,. . ...-

,.
Subsequenttheoretit@.studyhas indicate”d,;th~t’

tli.+st%ady--flow termrepties“ents,the forcehi the:“@ane-
whefi“the’‘chinesare im.nersedbut thatw’oenthe“c~l@e.s“.:
are not tiers-~-d’this forceis included.inthe,.te’rrii”,
representing”in~rbase,o? thevirtualmass o~:the””f,~,?w.’.:
in the plane::@~: Should-notbe adde~:.a~SU~-@-~ti5di~,..,:
reference13.“-.”.%r” this”reagon the,s;tp,ad.y-flow,teim ‘
was not include~:in equat~on‘(19)&n&“sub”Sequent”oQua-
tions.;...:.,...,.,:..:,..:.-:..,,.--;:; .:. .—..;----.:.- .

The effectbf theempiricalcorrectionfactor0.82
to.Sydow1s.virtualma% is to inc~sase:%hecalculateddraft
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for planingand the calctilatedmsxlxnin.force ftira
severeimpactabout10”percent, W-lthti%t”.~LI~Scorr~~- r“
.tion :?a$~”,agreementthuswculdexistbetweantheoretical ““ ‘-
and e:cnerimantalresult-s. *

TH=.L.onq-short-dashcurvesin figure3 werederived
on the baais of Wa@ferts fdrmula(for two-di:menqional
flow)redw.edaccordingto ?abst~s aapec~-r”a.ti~:-ftictor.
Evenwith.this reductionthe calculated”.foycb”sace-’‘...
excessive,parti-cularlyfor the steeperfl”i@tpaths
(rela.tlm~itothe waves,urface) thatiepresentsevere:~~ A....
impactstid fog thehigh8rtrims(relativeto thewave
surface)l~t.whichmodern“seaplanesoperatein operi .
seawayinJ’artierto obtainmaximumwing liftand”to
reducethe landingspeed. . .

The.long-dashcurimsin figur-e”3 are basedon the
nomerstumequati,onas usedby Wagner.,ando“tb.ers,but with ....
thede.f.fiit,lonof the virtua~’”nassof -theflowin the ~.
normal,~larresre’placedby the”valuesused in theequa-
tionsof’the‘,theoryproposed~erein. Comparisonof these“.
curve?with.the curve,s.oftheproposedtheoryshowsthat
theme%hod”of.theprevi,ou~ theorystillresultsin forces
that“aretoo large. DlIfer4ncesbetweenthe curves,
particularlya-thighertrims,justifiesuse of *&enewer
equatton.

.
—

—

.

The offsetsof the floatwith-which the ex-perfmental
data Qf fi“qure~ were obtaine”d.are given.in reference15,
The floatwas a modelof a four-etigineflyingboatexcept
that‘the~afterbod.yand-chineflarewere removed. Agree-
ment “oflthe dataiiithsolutionsof theproposed.theory
for ttii?”maseof.a priimaticfloatindicatesthatpulled-

—

up“bowhas littleefl’ectcm the re.stiltantforce.

Although,as previouslyindic~tpd,theproposed
theory”can be used for”considerationof zdro trimif the
bow shapeis not-too blunt,501uti.Ow for”thiscase me.
complicatedand.arelimitedby the“.l%mtthatth6ymust

—

be made for arbitrarybow shape.~Solutionfor zero .
trim thereforeis not givenin thepresentpaper. Ih
figure==5,trowever,theexperimentalaccelerationsfor
zerotrimcan be seento be 10 to 20 percetitless than

*.

theex:perirnental.accelerationsfor ~“ trim.””
●

The experimentaldatain figure4 representvertical
drop (y = 90°) of’ tlhefloat.,.with‘~hichthe data of
fi.@u?e3were obtained,with the d terbod.yadded. The

,.= -- - *—
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drops ire’remade,at 3° ~trim,a?ndthe resultant(vertical)
velocitytieref’orewas not quitenormalto tilekeel.
Sincesolutionof equation(30) is much“easierwhen the
Velocit

t
is normalto the keel,the theoreticalcurvein

fi.gure was obtafi~edb~ ‘solvingequation(3’0)for a
flight-path”angleof 87.. Tlaedifferenc~between87°
and 90° flight-patinangleis not important.Agreement
with experfmen~is shown. ---

The for~goingcorrelationsare for the“conditions
o’ffixed‘trimand smoothwater. The theoreticalcurv%s

:.will givd approximaterepresentationof free-to-trim
impactif used on:thebasis of thetrim when“thestep--”
contactsthewater. The case of the seaplanelanding
intoa swellwill be approximatedif the trim and the
flight-pathangleare definedrelativeto the inclin6-d ‘--
surfaceof the swellratherthan relativeto thehor3.-
Zontal.

Good agreementof the theorywithexperimentiS
indicatedbut if the velocity1s smallenoughthe theory
will be inadequate.One reasonf’or”this inadequacyis
that thed.~~-icforcewill be reducedso much thatthe
buoyancyforce,whichhas been assumednegligible,will
becomeiinportant.A secondreasonis that the ef~ectof’
gravityon the flowpattern,particularlywith regard
to the generatedwave,may be substantial.

Pertinentdata thataffectthe importanceof the
gravityforcesare not gtvenin figures1 to 4, which
are basedon the dynamicforcesalone. The rangeof the
data,however,is sufficientto determinethatthe gravity
effectis negligiblein the landingimpactof all sea-
planesthathave been flown. Somedata pertainingto
thissubjectwere includedin reference15.

For verylow velocitiesthe virtualmass nightbe
expectedto approachthe.valuespecifiedby von~rm~.
Suchtransitionwould.reducethe,virtualmass-usedin
the computationso.W thepresentpaperabout20 percent.
The mannerof thisreductionis of interestonly in
connectionwith slowplaning,forwhich It can be readily
determinedby empiricalmeans, .—

CONCLUSIONS

The analysisof previousimpacttheory,modifications
of thistheory,and comparisonwith experimentlead to
the followingconclusions;



-L-
.—*:~

~.:
= .. .

-.

:: ..-

32 NACATN No. 1008

‘1.The ass.umpbion”of previoustreatmentsof impact
theorythat the totalm~mentuaof tha floatand virtual
mass,isconstantis applicablewhe”nthe resultant

,*

velocltyof the float.is normal.towe keelbut.$S..not
applicable“fbr“th”eusualobliqueimpact}in whichthe

. —.-
3

velocitycomponentparallelto the“keel‘~ausesmo”im?ntum
to be-lostto the’downwashbehindthe float.

.-.,—-

2. Comparison.ofprevioustheorywithrecent,more
accurate.datafcr obliqueimpactshowsthat-this-theory
greatlyovereqtim_atesthe impactfo~ce. Use--o_wer
coeffi~tent~”in the previoustheoryonlyslightlyreduces
the rOpc.5s.Disagreementiwiththe data is largerat the “i-
higher.fiimsand lowerflight-pathangles.

3. A rnodtiiedtheoryhas beendeveLop@ t.h&~._@lceB..–--.------
intoaccountthe lossof ~aw-entumto thedownwash. Gcod
agreementhas“beenobtainedwith data for verticaldrop,
obliqueimpact$and.planing. ““

——

LtiflleyMemorial,AeronauticalLaboratory
.-..

NationalAdvisoryCommitteefor Aeronautics
LangleyField,Vs.,August.20,

*
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